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ABSTRACT

The severe mass extinction of marine and terrestrial organisms
at the end of the Permian Period (c. 251 Ma) was accompanied
by a rapid (<100 000 years and possibly <10 000 years)
negative excursion of ¢. 3% in the 4'3C of the global surface
oceans and atmosphere that persisted for some 500 000 years
into the Early Triassic. Simulations with an ocean-atmosphere/
carbon-cycle model suggest that the isotope excursion can be
explained by collapse of ocean primary productivity, and
changes in the delivery and cycling of carbon in the oceans
and on land. Model results suggest that severe reduction of

marine productivity led to an increase in surface-ocean
dissolved inorganic carbon and a rapid, short-term increase in
atmospheric pCO, (from a Late Permian base of 850 ppm to
¢. 2500 ppm). Increase in surface ocean alkalinity may have
stimulated the widespread microbial and abiotic shallow-water
carbonate deposition seen in the earliest Triassic. The model is
also consistent with a long-term (>1 Ma) decrease in sedimen-
tary burial of organic carbon in the early Triassic.
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Introduction

The mass extinction of marine and
terrestrial organisms at the end of the
Permian Period (c. 251 Ma) was the
most severe known in the geological
record (Erwin, 1993). The extinction
was accompanied by a rapid negative
shift of ¢. 3%, in the '*C of the global
surface oceans and atmosphere (Mag-
aritz et al., 1992; Wang et al., 1995;
MacLeod et al., 2000). An important
clue to the cause of the negative
isotope excursion and the eventual
recovery of life in the Triassic Period
is the pace of the shift. Causes that
involve changes in the balance of
buried and eroded carbon and/or
changes in weathering rates involve
the carbonate/silicate rock weathering
cycle, with a long time scale on the
order of hundreds of thousands to
millions of years (Berner, 1994; Berner
and Kothala, 2001). On the contrary,
causes that involve variations in the
distribution of carbon and carbon
isotopes within the ocean—atmosphere
system, such as a collapse of marine
productivity (Kump and Arthur, 1999;
Berner, 2002; Zeebe and Westbroek,
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2003) occur on a shorter timescale of
thousands to tens of thousands of
years.

Precise radiometric dating was used
to constrain the end-Permian extinc-
tion pulse in China within an interval
of <1 million years, and the negative
carbon-isotope shift to less than
¢. 165000 years (Bowring et al.,
1998). Using the improved resolution
provided by Milankovitch cyclostrat-
igraphic analysis across the Permian-
Triassic (P-Tr) boundary in the
Austrian Alps, Rampino et al. (2000)
estimated that the abrupt marine fa-
unal change could have occurred in
<8000 years. The initial negative car-
bon-isotope shift is estimated to have
occurred rapidly within an interval of
<30 000 years coincident with the
extinctions, and the longer-term
transient negative carbon-isotope
excursion lasted ¢. 500,000 years into
the Early Triassic.

In the oceans, shallow-water calcar-
eous organisms (e.g. corals, brachio-
pods, foraminifera, crinoids) suffered
drastic extinctions and planktonic
organisms (e.g. radiolarians) were also
apparently hard hit (Wignall and
Newton, 2003). On land, vertebrates
and insects suffered a major extinction
(Erwin, 1993; Smith and Ward, 2001),
and most Late Permian gymnosperm
palynomorphs and plant macrofossils
disappeared at a level marked by a
flood of fungal spores (Visscher et al.,
1996). In fact, coal deposits are

unknown in Lower Triassic strata,
and recovery of plant diversity appar-
ently took ¢. 4 million years (Retallack
et al., 1996; Visscher et al., 1996; Looy
et al., 1999). These changes, along
with an increase in land-derived or-
ganic material in marine sediments,
suggest a major perturbation of the
carbon cycle on land at the end of the
Permian (Visscher et al., 1996).

Model simulation of carbon-
isotope excursion

In order to investigate the possibility
that the rapid decrease in 6'°C was
caused primarily by a change in
ocean—atmosphere carbon distribu-
tion brought about by the marine
and non-marine extinctions and pro-
ductivity collapse, we performed si-
mulations using a geochemical model
of the carbon cycle, which considers
interactions among Earth’s ocean,
atmosphere and rock reservoirs (for
details of the model, see Caldeira and
Rampino, 1993).

The ocean—atmosphere component
of the model is based on a 3-box
ocean plus atmosphere model of
Toggweiler and Sarmiento (1985).
Treatment of carbon-isotopic frac-
tionation follows that of Zhang et al.
(1995). Representation of shallow-
water carbonate deposition in the
model follows that of Opdyke and
Wilkinson (1993), where shallow-
water carbonate production (Fy,) is
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a function of surface-ocean carbon-
ate-ion concentration:

Fo =k(Q—1)"

where Q is the saturation state for
calcium carbonate, k is a rate constant
and # is the order of reaction, which is
estimated as about 1.7-2 (Caldeira and
Rampino, 1993; Opdyke and Wilkin-
son, 1993; Zeebe and Westbroek,
2003).

Geological evidence indicates that
pelagic carbonate production was
essentially zero prior to the appear-
ance of calcareous plankton in the
Jurassic Period (Berner, 1994), the
typical ‘Neritan Ocean’ of Zeebe and
Westbroek (2003). Partly a result of
the lack of pelagic carbonate depos-
ition, and thus higher alkalinity and
carbonate-ion concentrations in the
oceans, our model predicts that the
Late Permian oceans contained about
twice the amount of dissolved inor-
ganic carbon as recent oceans.

The ocean—atmosphere model is
embedded within a representation of
the long-term geochemical carbon cy-
cle based on the GEOCARB II and 11
models of Berner (1994) and Berner
and Kothala (2001). We adjusted the
model for estimated Late Permian
conditions by using a volcanic release
rate for CO; thatis ¢. 10% greater than
at present (as in the GEOCARB mod-
els under steady-state conditions sili-
cate-rock weathering balances volcanic
CO, release). We also used a Late
Permian land area vs. ocean area ratio
¢. 90% of the present ratio, leading to
predicted Late Permian atmospheric
pCO, levels about three times pre-
industrial pCO, or ¢. 850 ppm (Berner,
1994). To calculate global temperature
change with change in atmospheric
pCO, we use the parameterization of
Berner (1994). Estimates of climate
sensitivity (including the effects of
reduced solar output in the past) sug-
gest a Late Permian global climate c.
1 °C warmer than present.

In order to test whether a drastic
decrease in ocean productivity and
biomass at the end of the Permian
could have produced the observed
carbon-isotope record, the model was
run in a time-dependent mode, in
which marine surface productivity
was abruptly set to zero. We also
introduced a long-term 15% reduction
in the fraction of carbon buried as
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organic carbon in an attempt to
account for a longer-term shift in the
steady-state of 6'>C in marine carbon-
ates (Broecker and Peacock, 1999;
Kump and Arthur, 1999; Berner,
2002). In this simulation, we allowed
biological productivity to return to
pre-cessation levels  exponentially
(more rapidly at first) on a 1 million-
year time scale.

Model results

Model results for atmospheric carbon
dioxide and marine carbonate sedi-
mentation are presented in Fig. 1. The
cessation of marine biological export
of organic carbon from the surface
ocean leads to an increase in surface-
ocean dissolved inorganic carbon con-
centration, some of which leaks into
the atmosphere to increase atmo-
spheric pCO, (Fig. 1). However, this

addition of carbon to the surface
ocean also diminishes the carbonate
ion concentration of surface waters.
This, in turn, reduces the rate of
alkalinity removal in shallow-water
carbonates because carbonate depos-
ition rates in shallow-water environ-
ments apparently depend on the
degree of oceanic super-saturation
(Opdyke and Wilkinson, 1993; Gat-
tuso et al., 1998; Kleypas et al., 1999;
Langdon et al., 2000).

Alkalinity would then build up in the
ocean as a result of the combined effects
of enhanced riverine alkalinity (from
increased weathering rates) and a
diminished shallow-water alkalinity
sink (Caldeira and Rampino, 1993).
This buildup in alkalinity draws CO,
back into the ocean from the atmo-
sphere. Hence, the time scale for recov-
ery of atmospheric pCO, is governed
by the time scale of equilibrium of
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Fig. 1 Results of model simulation for shallow-water carbonate accumulation rates
(mol year—1) (black) and atmospheric pCO, (ppm) (blue) for the first 50 000 years
after a sudden ocean productivity collapse. Atmospheric and surface ocean carbon
dioxide initially increase as a result of a cessation of biological carbon transport from
the surface to the deep ocean. This increase in surface-ocean carbon diminishes
carbonate mineral super-saturation of the surface ocean and thus decreases shallow-
water carbonate accumulation. Because alkalinity continues to be transported to the
ocean from continental weathering, there is a net flux of alkalinity to the oceans that
draws most of the CO, increase back into the ocean on the roughly 10* year timescale

of the carbonate system.
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ocean chemistry with the carbonate
system (c. 10% years) (Archer er al.,
1997). Increased ocean alkalinity may
have had the added effect of further
lowering the 5'*C of marine carbonates
(Riding, 1997). Beyond the first
50 000 years shown in Fig. 1, the
atmospheric pCO, level continues to
recover on the slower time scale of the
carbonate/silicate cycle (Berner, 1994),
and carbonate sedimentation returns
to a balance with chemical weathering.
After about a million years, the system
has effectively reached a new steady-
state, and atmospheric pCO, levels no
longer change appreciably.

In our model, when ocean produc-
tivity is turned off, atmospheric pCO,
rises by c. 1700 ppm, whereas a ces-
sation of productivity today would
result in only about a doubling of
atmospheric pCO,, or an increase of c.
300 ppm. The main reason for this
difference is that the P-Tr shift in
surface-ocean 8'">C of ¢. —39%, suggests
that the surface-to-deep 8'°C gradient
in the Late Permian oceans was signi-
ficantly greater than today’s surface-
to-deep 6'3C difference. Therefore, the
pre-P-Tr extinction ocean would have
had greater biological carbon export
relative to ocean mixing than exists in
the modern ocean. Thus, when the
biological carbon export is turned off,
the rise in atmospheric pCO, is pro-
portionately greater.

Model results suggest that the
oceans could have maintained an
approximate balance between sedi-
mentation and the weathering fluxes
of carbon and alkalinity although
marine productivity of carbonate and
organic carbon were sharply reduced
in the earliest Triassic. This continued
near-balance could have been the
result of an increase in shallow-water
abiotic and microbial carbonate
deposition as a direct response to
increased surface-water carbonate-ion
concentrations (Caldeira and Rampi-
no, 1993; Opdyke and Wilkinson,
1993). Studies of open-shelf and plat-
form P-Tr boundary sections show
evidence for an Early Triassic increase
in inorganic carbonate accumulation
in the form of oolites, carbonate
cements, and sea-floor carbonate pre-
cipitation. Microbialite and algal car-
bonate crusts are also widespread in
shallow-water settings in the earliest
Triassic (e.g. Reinhardt, 1988; Schu-
bert and Bottjer, 1992; Baud e al.,
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1997, Sano and Nakashima, 1997,
Kershaw et al., 1999; Lehrmann et al.,
2003), and it is known that microbial
calcification responds primarily to the
supply of bicarbonate (Riding, 1997)].
Our results indicate that this mechan-
ism of inorganic and algal/microbial
deposition of CaCO3; might have pre-
vented an “alkalinity crisis” during
which the deep oceans could have
become fully saturated with respect to
calcite (Caldeira and Rampino, 1993).
In deeper shelf sections, such as Mei-
shan in China, calculated sediment
accumulation rates dropped precipi-
tously in the transitional P-Tr beds,
but then rose again in Lower Triassic
strata (Bowring et al., 1998).

Carbon isotopes provide a proxy
for fluctuations of marine productivity
and burial rates of organic carbon
(Kump and Arthur, 1999; Berner,
2002). Model results for carbon-iso-
tope changes in the surface ocean are
shown in Fig.2. In the initial
1000 years after the collapse of marine
productivity in the model, the carbon-
isotope value of the surface-ocean
mixed layer drops precipitously and
becomes as light as that of the deep
ocean — the Strangelove Ocean effect
(e.g. Kump and Arthur, 1999; Berner,
2002). During the subsequent
500 000 years, surface-ocean 0'°C
recovers toward pre-perturbation lev-
els. Atmospheric 6'°C in the model
follows the surface-ocean values.

We compared our surface-ocean
carbon-isotope model results with the
carbon-isotope data for the GK-1 core
(Austria) (Magaritz and Holser, 1991;
Magaritz et al., 1992) (Fig. 2a), where
previous work on Milankovitch-scale
cycles in the core allow us to estimate
sedimentation rates, and hence time in
the core record (Rampino et al.,
2000). The carbon-isotopic record at
the end of the Permian is consistent
with our simulation of a rapid collapse
of ocean productivity (Kump and
Arthur, 1999). The ¢. 3%, magnitude
of the shift agrees with estimates of
Late Permian ocean-carbon content,
and the time scale of isotopic recovery
in the oceans of c¢. 500 000 years
(Magaritz and Holser, 1991) is similar
to that seen for carbon isotopes in the
model simulation. The rapid isotope
shift is indicative of a collapse in
marine production, and is too rapid
to be explained solely by a net reduc-
tion in the organic carbon burial rate.

The 6'°C curve in the GK-1 core
shows an additional negative excur-
sion ¢. 300 000—400 000 years after
the initial negative o'°C  shift
(Fig. 2b). This may be a global effect,
revealed by the high resolution of the
GK-1 section, or it may represent
conditions unique to the Gartnerkofel
locality (Magaritz and Holser, 1991).
The subsequent negative shift in 6'°C
suggests a second productivity crash,
but we discovered that we could not
simulate the negative excursion solely
by decreasing productivity. The rea-
son appears to be that ocean-surface
productivity had not recovered suffi-
ciently by 300 000 years after the ini-
tial crash in the model to allow a
second crash to decrease productivity
sufficiently to produce the required
—1.5%, shift in §'3C.

Therefore, in order to simulate the
second negative S13C shift, we had to
also decrease net organic carbon bur-
ial in our model by 1% for each 10%
reduction in biological productivity
(Fig. 2b). Marine biological produc-
tivity was allowed to increase linearly
from zero to 50% of the Late Permian
productivity in the 200 000 years after
the initial 6'3C shift, with a linear
collapse to zero productivity in the
subsequent 200 000 years. This was
followed by an exponential recovery
to full production with a time con-
stant of ¢. 100 000 years.

The long-term (c. 10° year) shift in
carbon-isotope ratio across the P-Tr
boundary cannot be explained by
ocean/atmosphere reservoir effects,
but must involve a decrease in the
ratio of burial of organic carbon to
CaCOs; (Broecker and Peacock, 1999;
Berner, 2002). The end-Permian
extinction apparently led to a situ-
ation where the accumulation of
organic matter in the sea dominated
over accumulation of organic debris
on land (Broecker and Peacock,
1999). The severe plant extinction
apparently devastated the complex
ecosystems responsible for massive
continental carbon storage (Retallack
et al., 1996; Visscher et al., 1996;
Michaelsen, 2002). At the same time,
the loss of an efficient marine food
web may have led to enhanced pre-
servation of organic matter falling
through the water column (D’Hondt
et al., 1998).

Oxygen-isotope data from the GK-
1 core (Magaritz and Holser, 1991)
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Fig. 2 (a) Results of model simulation for §'*C of ocean-surface waters (blue)
compared with 6'°C data from the GK-1 core from the Carnic Alps, Austria (black
dots) (Magaritz and Holser, 1991). In this case, the second 6'*C shift at ¢. 300 ka after
the extinction event is interpreted as a local signal. (b) Results of model simulation
considering that the 6'>C shift at of ocean-surface waters c. 300 ka after the extinction
event represents a global signal. This model run includes partial recovery of marine
productivity followed by a second collapse in productivity, and a reduction in the rate
of burial of organic carbon (see text). The long-term shift in model surface-water 6'°C
from late Permian to Early Triassic was simulated by a 15% decrease in organic
carbon burial. Also plotted is the predicted perturbation of atmospheric pCO, (red)
calculated by the model. Time scale for the GK-1 core is after the cyclostratigraphy of

Rampino et al. (2000).

suggest that a significant climate
warming of >6 °C may have occurred
during earliest Triassic time. Study of
leaf stomatal density in earliest Trias-
sic (Griesbachian) plants suggests an
elevated atmospheric pCO, content of
>2000 ppm (Retallack, 2001) in
agreement with our model results
(Fig. 1). The resultant tripling of
atmospheric pCO, in the earliest

© 2005 Blackwell Publishing Ltd

Triassic (Fig. 2) is estimated to have
produced ¢. 6 °C of global warming
over Late Permian climate.

Discussion and conclusions

Model results suggest that collapse of
ocean  productivity  (Strangelove
Ocean) accompanying the end-Per-
mian mass extinction could have

been the primary cause of the rapid
negative shift of ¢. 3 per mil in the
6'3C of global open ocean-surface
waters at that time. The transient
0'3C  change persisted for c.
500 000 years into the Early Trias-
siche Strangelove Ocean scenario
would be determination of the §'°C
content of carbonate deposited in
benthic environments in the deep
ocean. For a Strangelove Ocean,
deep benthic 6'C should not change
significantly across the end-Permian
extinction interval (e.g., Kump and
Arthur, 1999). For an alternative
cause of the isotope shift by rapid
addition of light carbon to the
entire ocean/atmosphere system (e.g.
methane-hydrate release), deep ben-
thic carbonate should show a
significant 0'3C decrease mirroring
that of surface waters and the atmo-
sphere.

The model also predicts a transient
increase in atmospheric pCO, of
short duration (<50 000 years) com-
pared with the perturbation of car-
bon-isotope ratios (several hundred
thousand years). This is explained by
the fact that the rate of recovery of
atmospheric pCO, to pre-perturba-
tion levels is governed by chemical
equilibration between atmosphere,
ocean and sediments, whereas the
rate of recovery of '°C depends
upon the much slower exchange of
carbon in the ocean and atmosphere
with carbon in the rock reservoir
(Caldeira and Rampino, 1993;
Berner, 1994).

Ocean-surface 8'>C in the Early
Triassic recovered to values c¢. 1 or
2%, lower than those of the Late
Permian (Fig. 2), which could have
been a consequence of a long-term
reduction in the fraction of carbon
buried as organic carbon resulting
from a shift in the major locus of
carbon burial from the continents to
the ocean basins (Broecker and Pea-
cock, 1999; Berner, 2002). This reduc-
tion in global organic carbon burial
on land was most likely the direct
result of the mass extinction of land
plants and their extended period of
recovery (Michaelsen, 2002).

Our model results for times of
productivity collapse at the end of
the Permian agree with geological
evidence for rapid negative shifts in
6'3C, brief global warming, initial
reduction in calcium carbonate depos-
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ition, and enhanced deposition of
shallow-water abiotic (?) and micro-
bial (cyanobacterial) carbonates. The
rapid, transient negative carbon-iso-
tope shifts in ocean waters and the
atmosphere make a good correlation
tool between marine and non-marine
sections, and provides a global chem-
ostratigraphic marker for the P-Tr

extinction event (Twitchett et al.,
2001).
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